We describe the construction of a simple, compact, and cost-effective feedback system that produces flat-top field profiles in pulsed magnetic fields. This system is designed for use in conjunction with a typical capacitor-bank driven pulsed magnet, and was tested using a 60-T pulsed magnet. With the developed feedback controller, we have demonstrated flat-top magnetic fields as high as 60.64 T with an excellent field stability of ±0.005 T. The result indicates that the flat-top pulsed magnetic field produced features high field stability and an accessible field strength. These features make this system useful for improving the resolution of data with signal averaging.
I. INTRODUCTION
Pulsed magnets of various designs are in widespread use today [1] . Usually, the pulsed field profile is not a major concern for fast measurement techniques, such as magnetization and electrical transport measurements, whereas some specific measurements require the use of a particular field profile. The flat-top pulsed magnetic field (FTPMF), which has a constant field region around the maximum field value is a demanding field profile especially for nuclear magnetic resonance 2 (NMR) and specific heat measurements 2, 3 in which a sample needs to be equilibrated in time intervals of less than the duration of the FTPMF. To date, many different approaches have been investigated [4] [5] [6] [7] [8] [9] [10] to increase the magnetic field strength, stability, and duration of FTPMFs.
The rectification of a large current driven by an AC flywheel generator is a well-known way to obtain FTPMFs. This technique can provide both high magnetic field and long duration for a FTPMF (see the second and third entries in Table 1 ). For instance, the National High Magnetic Field Laboratory (NHMFL) at Los Alamos provides FTPMFs of up to 60 T with durations of 100 ms [4] . In recent years, Wuhan National High Magnetic Field Center (WHMFC) also installed a flywheel generator that produces FTPMF of 50 T for 100 ms [5] . However, the rectification of an AC current introduces ripples in the FTPMF: Its amplitude is typically 0.25 T at several hundred Hertz [5] . As the ripples can be regarded as high dH/dt noise, some of the measurement techniques sensitive to this dH/dt noise, such as the magnetization measurement, cannot provide high-quality data in rectifier-controlled pulsed magnetic fields. [6] In contrast, the field profile of capacitor-bank-driven pulsed magnetic fields is perfectly smooth and its field strength can surpass 60 T. However, this type of pulsed field does not strictly have a flat region in the field profile; specific experiments that use such FTPMFs are difficult to perform. Even at the High Field Laboratory in Dresden (HLD), which generates the longest pulsed duration of 1.5 s for a capacitor-bank-driven pulsed magnetic field, the field strength changes by 1 T over intervals of 70 ms [2] . To overcome this issue, a modification of the pulsed field profile has been investigated by dividing the capacitor bank modules into two groups: one driving the current for the pulsed magnet and the other suppressing the current around field maxima, thereby leveling the top of the field pulse [7] . This technique can make a highly stabilized FTPMF at 41 T (0.09 T) for 6 ms.
In this work, we examined a feedback control strategy to obtain a stabilized FTPMF at high pulsed magnetic fields. Around the field maximum of the 60-T capacitor-driven pulsed fields, a homemade feedback controller regulates small magnetic fields of a 1.3-T mini-coil at intervals of 2.5 s. Under feedback control, a stabilized FTPMF (60.64  0.005 T) was obtained for 2.0 ms.
II. DESCRIPTION OF THE FEEDBACK SYSTEM

A. Coil Setup
Our experimental apparatus includes a mini-coil [see Fig. 1 The mini-coil is inserted to the 60-T user coil [see Fig. 1(b) ], which has a 18.0-mm inner bore diameter. The mini-coil is positioned on the field center of the user coil and rigidly clamped to it. As in Fig. 2 , the user coil is driven with a 900-kJ (18 mF and 10 kV) capacitor bank and can generate magnetic fields up to 60.5 T with a pulsed duration of 36 ms.
B. Electronics
To regulate the field profile within the short time scale of the pulsed fields, we 
C. Feedback algorithm
Our feedback algorithm is based on the well-known proportional-integral-derivative (PID) control method [11] . The value of the gate voltage (Vgate) is calculated using,
where the first, second, and third terms are the proportional, integral, and derivative terms, respectively. Each of these terms is dependent on the error value, e, which is the difference between the magnetic field at the present time and the target field (Htarget), 
e(t) = (H (t)-Htarget
III. RESULTS AND DISCUSSIONS
A. Field profile generated by the mini-coil circuit
Before performing any experiments with the present feedback system in pulsed magnetic fields, the performance of the mini-coil circuit at zero magnetic field needs to be checked. In Fig. 3 
B. Flat-top pulsed magnetic fields
With the fast feedback system explained in Section II, we tested the control of the pulsed field profile to obtain FTPMFs. Imini all return to zero.
In Fig. 5(a-c) , we plot H (black) and dH/dt data (red) around FTPMF with a comparison to those without a feedback control (blue dotted curves). The arrow in Fig. 5 indicates the timing at which the FPGA start/stop the control of the gate voltage. The field profile becomes very flat when the feedback control is turned on. Defining FTPMF as the field region having 0.005 T stability, the time duration of the FTPMF is 2.0 ms with the field stability of 0.008% at 60.64 T. Compared with the rectifier controlled pulsed field (50-60  0.25 T) [4, 5] , the field stability and accessible field strength of the present system is remarkable.
Two points are noteworthy: (1) As frequently observed in a PID control method, an oscillation in the magnetic field is observed after ~300 s of starting feedback control.
We find that the degree of oscillation can be reduced/eliminated by an appropriate setting of the PID parameters (KP, KI and KD). increases. This problem may be avoided using a high-voltage current source or a slow (small dH/dt) pulsed magnet. With the former, both the field strength and the field sweep-rate are expected to increase by applying a high-voltage to the mini-coil circuit, so that there is no doubt we have a FTPMF of longer duration. For example, a 770-V battery bank installed in the WHMFC might be suitable to operate the mini-coil [12] .
With the latter, a combination of the present feedback system with a pulsed magnet having a long time duration, such as the 1.5-s long-pulse magnet at HLD [2] , might be the most suitable to obtain a long-duration FTPMF. To check how the present feedback system works with small dH/dt pulsed fields, we reduce the field strength generated by the 60-T pulsed magnet, and the results are presented in Because the reduction in dH/dt leads to a longer duration for FTPMF, we expect a long pulsed magnet with the present feedback system to be a powerful way to produce
FTPMFs over long-time scales.
IV. CONCLUSION AND OUTLOOK
We have developed a FPGA-based feedback controller to obtain a flat region in a pulsed magnetic field. The present system is able to control the magnetic field over an interval of 2.5 s, and hence leveling the pulsed field profile can be quickly achieved.
This technique provides an improvement in field stability of a FTPMF by two orders of magnitude over previous methods using a rectifier. Furthermore, a FTPMF has been obtained at the unprecedented high magnetic field of 60.64 T. This system serves as a convenient apparatus for performing specific pulsed field measurements, such as specific heat [13] and NMR measurements [2] , and also for other measurement techniques to improve the resolution of the data with signal averaging.
The present feedback system is driven only with two 12-V batteries. The number of batteries can be easily increased, which enhances both the field strength and field sweep rate of the mini-coil. Instead of MOS-FETs, an insulated-gate bipolar transistor (IGBT) can be used to deliver and control high currents and voltages in the order of ~kA and ~kV, respectively. Then, with a long magnet pulse, the pulse duration for the FTPMF could be further extended. Arrows mark the sequence of events in the 60-T pulsed and mini-coil feedback circuits.
(1) mini-coil circuit is turned on, (2) 60-T pulsed circuit is turned on, (3) FPGA starts the feedback control, (4) Feedback control is stopped, (5) 60-T pulsed circuit is turned off, and (6) mini-coil circuit is turned off. 
